There is a growing public demand for safer streets and highways. Designing safer roads requires a need to review and improve the existing design guidelines. Road widening and general roadway rehabilitation projects are designed according to the existing roadway conditions. As a result, drainage problems associated with superelevation are prevalent. An evaluation of design alternatives in terms of safety, taking into consideration the superelevation values in relation to the drainage requirements and vehicle dynamics, will prolong the design process. However, it is believed that the additional time invested will result in safer roads and a reduction in vehicular accidents and in addition a potential in lower construction costs. This latter benefit is derived by limiting instances where a design component is overdesigned.
Introduction
1.1 What motivates the research paper?
Safety scene
It is a well known fact the road accidents in South Africa are a serious cause of concern. According to the latest traffic accident statistics over the past three years as depicted in Figure 1 , there has been a substantial number of fatalities. High speed differentials and failure to adapt speed in relation to circumstances are a recipe for accidents. Holiday periods are generally in the rainy season and road elements, especially drainage, contribute to accidents.
As part of the ongoing commitment towards road safety, convenience and mobility, N3TC conducted a comprehensive road safety audit in 2006, [3] , which highlighted speed as the main cause of accidents at various locations along the N3 between Cedara and Heidelberg. Sections where speed limits are posted necessitate patience, appropriate reductions in speed and full concentration on the part of drivers. The results do not portray a pretty picture and from a road safety point of view, Van Reenen's Pass is the single most dangerous section of the N3.
N3TC has identified and addressed road safety on Van Reenen's Pass from three points of view, namely engineering, education and enforcement [4] .
N3TC has implemented interventions to reduce the number of accidents on the pass but currently the greatest causes of accidents is by vehicle unfitness, rear-end collisions due to high speed differentials, dangerous inter-lane manoeuvres and driver disorientation in adverse weather conditions.
Superelevation -the problems associated with roadway cross slopes
There are varying viewpoints and opinions among civil engineering professionals on the usage of the superelevation values given in the TRH17 [5] and SANRAL's Geometric Design Guidelines [6] . The geometric design considerations need to be reviewed especially when it relates to road surface drainage at points where the road has no crossfall during development of superelevation.
Currently the SANRAL Drainage Manual, 5th Edition, pp. 5-2 [7] recommends that the flow depth during a 1:5 year storm should not exceed 6mm. This is in contrast to the Design of Urban Highway Drainage Manual (FHWA-TS-79-225) [8] recommendations and an example provided in the Urban Drainage Manual, pp. 4-4 [9] . Hydroplaning can occur at speeds of 89km/h with a water film depth of 2mm. According to the Highway Surface Design Manual [10] , the critical depth for hydroplaning ranges from 4mm to 10mm depending on tyre and pavement surfacing. The surface water depth therefore, should be restricted to 4mm for all but special situations where superelevation produces long, curved flow paths. There are three common special situations where surface water depth may become critical, namely, horizontal alignment curvature, intersections and ramps and superelevation development.
Hydroplaning
Hydroplaning is a phenomenon characterised by a complete loss of directional control when the tyres are moving fast enough that it rides up on a film of water and thereby loses contact with the pavement. A general rule of thumb for rural highways is that hydroplaning can be expected for speeds above 72km/h where water ponds to a depth of 2.5mm or greater over a distance of 9m or greater. The probability of hydroplaning occurs when vehicle, roadway and environmental factors are taken into consideration. For any set of driver inputs and tyre conditions, hydroplaning is a function of water flow depth.
Accidents involving hydroplaning became more apparent as roadway speeds increased, wider pavements, in particular asphalt pavements, being built, and greater pavement wear due to the increase of traffic volumes and heavier loads. Although hydroplaning is a very complex phenomenon, it is associated with several factors. The likelihood of hydroplaning on wet pavements increases with roadway and environmental factors that increase water flow depth and with driver and vehicle dynamic factors that increase the sensitivity to water flow depth as depicted in Figure 2 . Hydroplaning factors.
1.2 Why is the research being undertaken?
Criteria
Criteria for superelevation where steep vertical grades have a direct effect on drainage on horizontal curves have not been developed according to the TRB Research in Progress website [11] . Drainage problems associated with superelevation has resulted in an increase (especially at road widenings) in vehicular accidents and a thorough study of the surface water flow paths and water flow depths on road surfaces due to superelevation requirements needed to be further investigated, researched and analysed. The analysis and context of this paper identifies the factors such as speed affecting the vehicle dynamics at sharp or reduced horizontal curves where flow paths of surface water are problematic and can lead to hydroplaning. Driver behaviour during hydroplaning in conjunction with the geometric design of the roadway was a factor considered during the research. This study was completed under heavy vehicular traffic conditions during adverse weather conditions.
How will the results add to the body of knowledge?
The TRH17 document was compiled to be a design guideline for the geometric design of rural roads in preference to standards. An objective of the TRH17 was to continuously amend the draft document, through consultation between the authorities, discussion with practitioners and ongoing research. This has not happened. It is common practice by geometric designers to use the TRH17 document for the design of rural roads without questioning the values obtained in the tables and graphs. The validity of the guidelines should be judged by the geometric designer in each specific situation as well as the consequences of departing from the values suggested. Similarly SANRAL's Geometric Design Guidelines have been developed to assist design consultants. The originations of the guidelines stem from AASHTO [12] . Currently there are no standards developed for SA and these guidelines are authority specific.
Elements affecting safety at superelevation
The drainage conditions of the roadway in relation to the vehicle dynamics needed to be further investigated as superelevation along sharp horizontal curves with reduced sight distances presents a significant level of driver concentration. The driver tends to correct the vehicular path. The surface stormwater run-off flow path along the horizontal curve effects natural braking forces which in turn can lead to hydroplaning. The theoretical analysis indicated that the potential for hydroplaning is sensitive to water flow depth.
During high intensity rainfall events, a water film builds up on the surface on the road. The risk of vehicle hydroplaning increases as the depth of this film increases. The loss of steering and drag force produced during hydroplaning may then cause the vehicle to lose control, especially when a steering tyre is involved. Rainfall intensity is the most important environmental factor in hydroplaning.
The risk of dynamic hydroplaning is directly proportional to the depth of water in the road surface. This depth is affected by a wide range of factors that are contributed to by the environment such as the geometric design, pavement design, drainage design and maintenance and by the condition of the vehicle. The geometry of the road has a large effect on the water depth and is the factor over which the geometric designer has the most control. The length of time water is able to stay on the road will influence the depth it achieves. Longer flow paths mean more time to accumulate rainfall and result in higher flow depths. Changes in superelevation, reduced horizontal alignment and sag curves are some of the problem areas where the slope is low or where water has to flow a long way over the pavement before being intercepted by a drainage system or dissipating into the adjacent terrain. Superelevation changes can result in long curving flow paths which may be problematic. Steeper longitudinal slopes can also increase the flow path length and resulting depth.
The pavement texture depth affects the water depth by allowing some of this water to flow between the aggregate or in grooves providing flow paths to allow water in front of the tyre to be forced out under pressure. Porosity can also be considered as some pavements such as open-graded porous asphalt allow water to drain through them, taking it away from the surface. Wheel track depressions have a significant effect on the drainage patterns increasing water depth and concentrating flow. The N3 has varying pavement surfacing of which further analysis will be done considering the friction factors and drainage flow path on these surfaces.
Pavement drainage solutions are essential to ensure that no water is able to pond on the trafficable road surface, particularly in sag areas. This is vital in order to reduce the hydroplaning risk. Vehicle characteristics and behaviour are also important factors in hydroplaning. The speed at which a vehicle needs to travel to begin hydroplaning is determined by water flow depth but also by the vehicle's weight and tyre characteristics. The vehicle weight determines how much uplift force is needed to induce separation and it follows that a lighter vehicle will hydroplane at a lower speed. Higher tyre pressures increase the hydroplaning speed by reducing the contact area between tyre and road, increasing the vehicle's weight to area ratio. Tyre tread depth also affects hydroplaning the same way as pavement texture, with deeper tread moving the water away from the area of contact more effectively. While minimum tyre tread depth and maximum speed are both specified by law, minimum weight and tyre pressures are not. These are vehicle manufacturer recommendations specific.
In summary, drainage requirements versus vehicle dynamics are the key factors considered in the development of superelevation criteria at reduced horizontal curves to minimize hydroplaning on the N3. Practical considerations such as tyre tread depth, pavement characteristics and drainage solutions were evaluated along the route.
Research background
Significant roadway degradation such as polishing of aggregates, bleeding of bitumen and rutting depletes the friction supply available for cornering. This depletion results from the use of a portion of the friction supply to provide the necessary braking force required to maintain speed on the downgrade. The speed of the vehicles and the vehicle dynamics have been analysed as differing vehicles have different friction forces exerted on the roadway. It cannot be assumed that the relevant design criteria for a car are similar to that of a truck or vice versa. Skid marks are significantly prevalent and N3TC/SANRAL/DoT accident reports will need to be investigated as part of the research study. These reports were not made available due to the legal nature of the relevant data acquisition.
It is noted from the TRH17 that the design vehicle is a single unit truck. This undesirable combination results in a significant decrease in the margin of safety resulting from roadway grade, especially for heavy vehicles. On long or fairly steep grades, drivers tend to travel faster in the downgrade than in the upgrade direction. Additionally, research has shown that the side friction demand is greater on both downgrades (due to braking forces) and steep upgrades (due to the traction forces). Downgrades on horizontal curves may be problematic, and that adjustment for it may be desirable in some cases.
There are no guidelines as to how this adjustment should be made for two lane or multilane divided or undivided roadways. Some adjustment in superelevation rates should be considered for grades steeper than 5%. This adjustment is particularly important on roadways with high truck volumes and on low-speed roadways with intermediate curves using high levels of side friction demand. The superelevation revision proposition highlights that this adjustment be made by using higher design speeds criteria for the geometric design of the roadway. More definitive guidance on this adjustment, as well as adjustment for other elements of the horizontal curve, is needed. The design speed versus minimum curve radii of horizontal curvature needed further investigation to ensure safety on sharp horizontal curves taking the other related factors, like superelevation, into consideration.
The article published in the Pretoria News, "Wet weather causes a spike in road accidents" [13] referred to the significant increase in roadway accidents during rainy weather. The drainage requirements and vehicle dynamics in relation to superelevation design of the roadway was therefore investigated and researched. One of the major findings was that pavement cross slope was a dominant factor in draining water from the pavement surface. A theoretical evaluation was done to emphasize the importance of drainage path length as a function of both cross slope and longitudinal grade. It was found that the drainage flow path length and water flow depth increases with pavement width and longitudinal grade, and decreases with cross slope.
Various professional engineers, technologists and independent consultants were consulted in the transportation industry. The responses received were favorable in terms of the need for further investigations of superelevation in relation to drainage requirements and vehicle dynamics for roadway geometric design.
Research objectives and methodology
The primary objective of this paper was to identify improved methods for draining rainwater from the surface of the pavement by re-evaluating superelevation in relation to drainage requirements and vehicle dynamics. The research methodology for the paper is highlighted in Figure 3. 
Research problems and aims
Various sections of the N3 are being upgraded or rehabilitated to improve the quality and lifespan of the road due to vehicular traffic increases. There is significant freight movement. This has resulted in an increase in vehicular accidents. The viewpoint on the design considerations adopted on the N3 is subjective as driver safety factors and other mitigating risks of vehicular accidents need to be further investigated. Research methodology.
From a geometric design analysis viewpoint, road-widening and general roadway rehabilitation are designed according to the existing roadway conditions and drainage problems associated with superelevation is prevalent. Ponding has been recorded and visual evidence is prevalent in certain areas. The general stormwater design criteria should be viewed and analysed differently from the Kwazulu-Natal conditions as opposed to the Free-State and Gauteng conditions as the runoff rainfall intensity and time of concentration varies significantly.
The aim is to develop a standard design manual and software tool to assist geometric designers and authorities by theoretical and desktop analysis of:
 superelevation criteria at steep gradients with sharp horizontal curves;  drainage flow path lengths and water film depths on road surfacing;  speed and vehicle dynamics;  improved methods for draining rainwater from the surface of pavements.
Research outcomes
Based on research findings and in consideration of pavement irregularities (settlements, rutting, etc), it is recommended that a minimum of 2.5% cross slope be implemented as a design criteria to minimise the propensity of hydroplaning. The objective of this paper is also not to minimise the importance of factors such as tyre tread depth, tyre pressure and vehicle speed in contributing to the probability of hydroplaning but rather to highlight that a significant portion of the driving population either drives vehicles with barely legal tyre tread depth, or maintaining optimum tyre pressure, and/or are often uninformed about reasonable reductions in normal speed during adverse weather conditions.
Loss of skid resistance caused by pavement defects
Once it has been determined that an accident was the result of hydroplaning, it is important to determine the construction history of the accident area and if the pavement surfacing was the causal factor. Roadway maintenance and improvements can significantly alter the pavement surface and composition as noted on the N3. The depths of the ruts are measured, if present, plus any other accident scene measurements should be taken during an accident reconstruction investigation if the accident scene has not been altered significantly. All pavement samples taken for testing for defects must be considered legal evidence. Irregular cross slopes and rutted wheel paths, especially at the beginning and end of horizontal curves, cause water to collect and flow in the wheel paths.
Proper design, construction and vigilant maintenance of the cross slopes, and superelevation of the high speed roadway, will go a long way to guard against the unintentional results of excessive water on the pavement surface.
The exact point at which hydroplaning occurs is complicated and depends on all of the following variables:
 Tyre size -the size and shape of a tyre's contact area has a direct influence on the probability to hydroplane. The wider the contact area is relative to its length, the higher the speed required to support hydroplaning.  Tyre tread pattern -certain tread patterns channel water more effectively and varies with tyre manufacturer's specifications.  Tyre tread depth -as tyres become worn, their ability to resist hydroplaning is reduced. The legal tread depth of 1.6mm should be regulated to 3mm to increase the braking distance.  Tyre pressure -keep tyre pressure within the manufacturer's recommendations.  Water depth -the deeper the water, the quicker to lose traction, although at higher speeds even thin water layers can cause a loss of traction.  Water composition -oil, temperature, dirt and salt can change the properties and density of the surfacing.  Vehicle drive-train -due to computer-assisted differentials, all-wheeldrive vehicles are more likely to hydroplane than two wheel drive vehicles in certain situations. A sudden uncontrolled transfer of power from the front tyres to the rear tyres can put a hydroplaning all-wheeldrive vehicle out of control.  Vehicle speed -as speed increases, wet traction is considerably reduced. Reduce speed since hydroplaning can result in a complete loss of traction and vehicle control.  Vehicle weight -the lighter the vehicle, the more likely it is to hydroplane. It is noted from vehicle sales statistics that a large percentage of new vehicle sales are light vehicles.  Road surfacing type -non-grooved asphalt is considerably more hydroplane-prone than ribbed concrete surfacing.
Water sheeting should not be confused with ponding water. Water sheeting is due to runoff travelling across the surface in an unconstrained environment. Ponding water occurs when this sheet flow becomes constrained in vehicle wheel paths, etc. The consequences of vehicles striking ponded water are typically loss of control due to an imbalance in forces on each side of the vehicle. This is not the same situation as hydroplaning and may occur at much lower speeds. Table 1 indicates the various factors, their method of control and potential influence by highway designers and driver behaviour. 
How to avoid or minimise skid resistance caused by insufficient drainage gradient
Roads should be designed in such a way that sections where the cross slope change direction (superelevation) is located where the road is going uphill or downhill. Alternatively the pavement will get an area with minimal drainage gradient (<0.5%), resulting in unacceptable skid accident risk. When designing road curves in a flat landscape (areas noted are between Harrismith and Wilge Toll Plaza), it may be necessary to design long wave undulations on purpose. These 'synthetic' longitudinal gradients can then be used to reach a sufficient drainage gradient, in sections where the cross slope is close to zero.
The depth of water on a roadway surface, for a given intensity of rainfall, depends on the distance and gradient along the flow path. The flow path is the route taken by rainfall runoff from the point at which it falls on the roadway surface to the roadway edge. For a roadway with no longitudinal gradient flow paths will be transversed to the direction of travel. As the longitudinal gradient increases the flow paths will become diagonal. Flow path lengths and gradients will be determined by the combination of roadway width, carriageway crossfall and longitudinal gradient.
For evaluation purposes, the flow path is the maximum distance taken by runoff in reaching the edge of the roadway. For wide roadways, as in the case of the N3, the most direct drainage flow path, and therefore the shortest flow path lengths, occur at zero longitudinal gradients. Surface water can quickly infiltrate the roadway surfacing, greatly increasing the amount of free surface water, which causes splash and spray from the vehicle tyres. This increase in splash and spray reduces visibility, resulting in unsafe roadway conditions. With the surface water infiltrating the pavement surfacing, the reflections of vehicle headlights are greatly reduced and the visibility of roadway markings is increased.
Conclusion and recommendations
Thirty-nine people have been killed each day on South Africa's roads. This is an unaccepted phenomenon which must be investigated and solutions to be developed and adopted. According to RTMC the following are noted as the most common causes of crashes:
 Speeds too high for circumstances, especially during inclement weather and at night;  Dangerous, reckless and/or inconsiderate driving, particularly barrier line infringements which has seen a huge increase in fatalities as a result of head-on type collisions. More than 70% of the major fatal crashes were of the head-on type as a result of dangerous overtaking;  Abuse of alcohol by drivers and pedestrians;  Fatigue, especially amongst public passenger drivers;  Vehicle fitness, particularly tyre failure and defective brakes; and  Pedestrian negligence (jay walking, walking on freeways, not visible at night and drunken walking).
This paper has deduced that accidents caused by current geometric design guidelines needed to be further investigated as certain mitigating geometric design factors are overlooked. Pavement cross slopes (superelevation) are a compromise between drainage (steep slopes) and driver comfort and safety (flat slopes). This was prevalent when analysis of the water flow length relationship to flow path slope, flow path length, surface texture depth and rainfall intensity were theoretically calculated. The software tool is currently under review in order to develop the computer model and design standards. The design standards and associated software tool will allow the design engineer to select the pavement geometry that minimise sheet flow; to select and locate drainage appurtenances; and to select various mixture types and surface textures that will also minimise water film thickness and the potential for hydroplaning.
A summary of the surface drainage calculations (Tables 2-4) was done using the software tool highlights that water flow depth reaches the recommended flow depth of 4mm which, when combined with hydroplaning factors, leads to an unsafe roadway design. The hydraulic calculations were done in accordance with the Drainage Manual, Chapter 5 -Surface Drainage [5] with a rainfall intensity of 80mm/h used and the roadway width in accordance with SANRAL Geometric Design Guidelines, Chapter 4 -Design Elements analysed. This may involve an update to supercede the current criteria published in the Drainage Manual [5] as well as minimum cross slope (superelevation) recommendation of 2.5% in the SANRAL Geometric Design Guidelines [4] .
On the basis of the work done on the research paper, a number of additional items warrant further study and is recommended for South African conditions. These include: 1. Full-scale skid resistance studies; 2. The relationship between water film thickness and hydroplaning potential; 3. The effect of water infiltration into pavement surface cracks; 4. Loss of water by splash and spray (need to be accounted for in the prediction of water film thickness); 5. Surface irregularities, especially rutting; and 6. Field trials to confirm alternative pavement surfacing and textures. We need to design safer roads.
